Many organisms at northern latitudes have responded to climate warming by advancing their spring phenology. Birds are known to show earlier timing of spring migration and reproduction in response to warmer springs. However, species show heterogeneous phenological responses to climate warming, with those that have not advanced or have delayed migration phenology experiencing population declines. Although some traits (such as migration distance) partly explain heterogeneity in phenological responses, the factors affecting interspecies differences in the responsiveness to climate warming have yet to be fully explored. In this comparative study, we investigate whether variation in wing aspect ratio (reflecting relative wing narrowness), an ecomorphological trait that is strongly associated with flight efficiency and migratory behaviour, affects the ability to advance timing of spring migration during 1960-2006 in a set of 80 European migratory bird species. Species with larger aspect ratio (longer and narrower wings) showed smaller advancement of timing of spring migration compared to species with smaller aspect ratio (shorter and wider wings) while controlling for phylogeny, migration distance and other life-history traits. In turn, migration distance positively predicted aspect ratio across species. Hence, species that are better adapted to migration appear to be more constrained in responding phenologically to rapid climate warming by advancing timing of spring migration. Our findings corroborate the idea that aspect ratio is a major evolutionary correlate of migration, and suggest that selection for energetically efficient flights, as reflected by high aspect ratio, may hinder phenotypically plastic/microevolutionary adjustments of migration phenology to ongoing climatic changes.
Introduction
Climate change is currently dramatic, as evidenced from increases in temperature during recent years exceeding anything measured during the last two centuries (IPCC, 2007) . Such increasing temperatures have important consequences for all living organisms, especially for those from temperate and polar regions, resulting, for instance, in advanced spring phenology of plants and animals, generally leading to increasing mismatch between timing of reproduction and timing of peak resource availability, poleward range expansions of temperate species and range contractions of polar and high-altitude species (e.g. Parmesan & Yohe, 2003; Root et al., 2003; Møller et al., 2010) .
At temperate and boreal latitudes, increasing spring temperatures have advanced the timing of bud burst and flowering, the timing of emergence of insects and the timing of migration and reproduction (Walther et al., 2002) . Advances in phenology over time across multiple taxa are suggestive of a single common driver, that is climate warming (Thackeray et al., 2010) . European bird species that did not respond to climate warming by advancing their spring migration phenology in response to increasing temperature have declined the most in abundance (Møller et al., 2008; Saino et al., 2011) . If warming trends remain unaltered, these population declines could fuel an extinction vortex, with nonresponding species showing ever deteriorating population trends due to increasing mismatches between timing of reproduction and the biotic environment, ultimately resulting in the extinction of nonresponding species (Møller et al., 2008) .
The factors leading to interspecific differences in the responsiveness to climate warming have yet to be fully explored. Among birds from the Northern Hemisphere, variation in migration distance among species has been suggested to represent a major correlate of interspecies differences in the phenological response to climate warming (review in Knudsen et al., 2011) . However, to our knowledge, the association between morphological traits related to flight performance and phenological responses has never previously been investigated. Among these, aspect ratio has recently been confirmed as the key ecomorphological trait that is most strongly associated with migratory behaviour in birds (V ag asi et al., 2016) . Aspect ratio is the ratio of wing span (squared) to wing area and reflects the relative wing narrowness (Pennycuick, 2008) . A high wing aspect ratio denotes relatively long and narrow wings, whereas a low wing aspect ratio denotes relatively short and broad wings. For a given wing area, bird wings with large aspect ratios are energetically more efficient for flying than wings with small aspect ratios, as the former develop more lift and have lower induced drag (Norberg, 1990; V ag asi et al., 2016) . However, high aspect ratio wings reduce manoeuvrability both in flight and when a bird is on the ground, as they are more difficult to flap and to fold (Hedenstr€ om, 1993; V ag asi et al., 2016) . Aspect ratio scales with body mass, and once body mass effects are accounted for, it strongly increases with migration distance, suggesting that adaptation to long, sustained migratory flights in migratory birds involves the evolution of relatively high aspect ratio wings (V ag asi et al., 2016; see also M€ onkk€ onen, 1995) . Importantly, the finding of a strong covariation between migration distance and aspect ratio across species contrasts with previous suggestions that selection for migratory flight efficiency is only a minor driver of ecomorphological variation in birds (see e.g. Leisler & Winkler, 2003) .
High mass-adjusted aspect ratio thus represents a reliable indicator of adaptation to migration (V ag asi et al., 2016) . As a trait that is strongly related to migratory behaviour, aspect ratio may thus covary with behavioural and physiological traits that are the determinants of the phenological response to climate warming, leading to an (indirect) association between aspect ratio and phenological responses across species. Using a sample of 80 European migratory bird species, we investigated the possible association between the phenological response to climate warming, expressed as the rate of advancement in mean date of spring migration between 1960 and 2007, and aspect ratio. As the link between wing morphology and phenological response to climate warming has never been explored so far, we refrain from making explicit predictions about its direction.
Materials and methods

Phenology
Phenological information was obtained from Møller et al. (2008) , who reported species-specific values of temporal change in mean/median yearly spring passage date (MSP, in days/year) for the period 1960-2006 for 100 European migratory bird species (full data set in Table S1 ). MSP is the mean/median date of capture/observation of all the individuals of a given species migrating through an entire spring migration season at a given site in a given year, and is regarded as a robust estimate of the migration phenology of a given population/species of migratory birds (Rubolini et al., 2007; Knudsen et al., 2011) . Species-specific values were derived from a database of 289 estimates of change in MSP time series mainly collected at bird observatories throughout Europe (Rubolini et al., 2007) . As reported in Møller et al. (2008) , species-specific estimates of change in MSP used in this study were obtained after statistically controlling for the effects of site location, latitude, longitude and initial year of time series by means of a mixed-model approach. This procedure was adopted to at least partly account for the geographical and temporal heterogeneity in phenological responses (Rubolini et al., 2007) . Changes in MSP can be assumed to reflect the extent of the phenological response of migratory birds to ongoing climate warming, with more negative values reflecting larger advancement in spring migration dates through time, values around zero reflecting no change and positive values a delay (i.e. a failure to phenologically respond to climate warming) (Rubolini et al., 2007; Bitterlin & Van Buskirk, 2014) .
Aspect ratio
We obtained aspect ratios for 80 of the 100 species for which we had phenological information (Table S1 ). Aspect ratio was calculated as [(wing span) 2 /(wing area)]. Our estimates of wing area include the so-called root box, that is the area of the body between the wings (see Pennycuick, 2008 for details). Wing span was measured with a ruler to the nearest mm (or to the nearest cm for the larger species) according to Pennycuick's (2008) recommendations. Wing area was calculated by first accurately drawing the half-wing profile on a piece of paper and subsequently (1) cutting the profile, weighing it on a precision balance and converting the weight to wing area using the weight of a reference surface of known area, or (2) obtaining digital images (via a paper scanner or a digital camera) of the profile, always including a reference scale, counting the number of pixels within the profile (using the 'Histogram' function of Adobe Photoshop CS3) and then converting the number of pixels to wing area using pixel counts of a reference surface of known area. The 'root box' area was calculated from the wing profiles as suggested by Pennycuick (2008) using the same two methods as described above. We recorded wing span and wing area for 1-55 individuals per species (mean = 7.3 individuals, see Table S1 for details on sample size for each species), with the exception of the barn swallow (Hirundo rustica), for which we had 5319 observations from our long-term studies of this species (A. P. Møller, unpublished data). Based on all species for which at least two measurements were available, aspect ratio showed a moderate to high repeatability [R (SE) = 0.61 (0.08); repeatability and its SE were calculated according to Becker (1984) ]. Hence, we are confident that our estimates of aspect ratio, even if for some species they are based on a single individual, reliably reflect the mean aspect ratio of a given species. In the analyses, we thus considered the mean aspect ratio for each species based on all measured individuals. With the exception of the barn swallow, measurements of wing span and wing profiles were taken on dead specimens, either freshly dead or after thawing.
Phylogeny and comparative analyses
Comparative analyses require that phylogenetic relationships among species are controlled statistically (Felsenstein, 1985; Harvey & Pagel, 1991; Freckleton et al., 2002) . Therefore, we retrieved a complete phylogeny of our set of species from the BirdTree website (www.birdtree.org) (Jetz et al., 2012) . Following the recommendations of Rubolini et al. (2015) , we downloaded 1000 trees from both the 'Hackett' and 'Ericson' phylogenies (Jetz et al., 2012 for details). These tree sets were used as phylogenetic hypotheses in subsequent comparative analyses. We based all the analyses on the 'Ericson' phylogenetic reconstruction, but the results using the 'Hackett' phylogeny were qualitatively similar (details not shown). The 'Ericson' tree set was summarized as a consensus tree using the procedure outlined in Rubolini et al. (2015) (50% majority-rule consensus tree) via the SumTrees program (Sukumaran & Holder, 2010) . The consensus tree is shown in Supplementary Electronic Material Fig. S1 .
Aspect ratio is known to scale with body mass (Pennycuick, 2008; V ag asi et al., 2016) . We thus first assessed the allometric effects of body mass on aspect ratio using phylogenetically informed reduced major axis (PRMA) regression by means of the phyl.RMA function from the R package phytools (version 0.4-45; Revell, 2012) (see V ag asi et al., 2016). The slope estimate of the aspect ratio-body mass PRMA log-log regression was 0.157 (H 0 : slope = 0; k = 0.98, t 79.6 = 16.4, P < 0.001) (intercept 0.455), similar to previous studies (slope = 0.136, although not accounting for phylogeny, for 220 species; Pennycuick, 2008; slope = 0.14 for 149 species, accounting for phylogeny; V ag asi et al., 2016). We used residuals from this log-log PRMA regression as a mass-adjusted measure of aspect ratio after accounting for phylogenetic relationships among species [see V ag asi et al. (2016) ; note that the approach we adopted to obtain mass-adjusted aspect ratio is mathematically equivalent to that actually adopted by V ag asi et al. (2016)]. We point out that these residuals are calculated as 'orthogonal' distances from the fitted regression line, rather than 'perpendicular' ones as in ordinary least-squares regression approach.
To investigate whether mass-adjusted aspect ratio predicted change in MSP, we ran phylogenetically corrected generalized least-squares (PGLS) regression models using the pgls function of the R package caper (version 0.5.2; Orme et al., 2011) . Based on previous analyses of the same data set of change in MSP, among the species' traits potentially affecting change in MSP, we included as confounding effects in the models (1) migration distance [degrees latitude, log 10 (x + 1)-transformed] that is well known to affect the phenological response of birds to climate change (Rubolini et al., 2007 (Rubolini et al., , 2010 Møller et al., 2008; Knudsen et al., 2011; Saino et al., 2011; Bitterlin & Van Buskirk, 2014) ; in addition, the effect of aspect ratio may be confounded by migration distance because wing morphology covaries with migration distance (Norberg, 1995; V ag asi et al., 2016) ; (2) maximum recorded annual number of broods, as multibrooded species tend to advance migration more than singlebrooded ones (Møller et al., 2008; but see Bitterlin & Van Buskirk, 2014) ; and (3) body mass (log 10 -transformed), to remove any possible further effect of body mass on the covariation between change in MSP and mass-adjusted aspect ratio. We acknowledge that other traits may potentially affect the association between change in MSP and aspect ratio. However, some of these traits (sexual dichromatism, relative brain mass, northernmost breeding latitude, total population size and breeding in farmland habitats) were not shown to significantly predict change in MSP in a previous analysis of the same data set of change in MSP (Møller et al., 2008) , and no obvious prediction can be made about their association with aspect ratio.
Information on migration distance, annual number of broods and body mass was obtained from Møller et al. (2008) (see original sources therein). A few species (Table S1) were classified as having a migration distance of zero because the original source (Cramp, 1998) did not allow calculating actual migration distance (Møller et al., 2008) : this is the case for species that are mostly short-distance migrants in part of their breeding range but mostly resident in others (e.g. the great tit Parus major). For these species, the phenological data referred to migratory populations. Excluding these
species from the analyses did not qualitatively alter the results (details not shown for brevity).
In PRMA and PGLS regression models, the k parameter (Freckleton et al., 2002) , reflecting the phylogenetic signal, was estimated by maximum likelihood. We also checked the robustness of PGLS regression estimates with respect to phylogenetic uncertainty, as reflected by the fact that BirdTree tree sets contain a sample of Markov chain Monte Carlo trees that are sampled in proportion to their posterior probability (Jetz et al., 2012) . Thus, individual trees vary in either topology or branch length. We used the model-averaging method suggested by Burnham & Anderson (2002) . Briefly, we made a PGLS model on each tree of the tree set and then computed parameter estimates averaged across all models according to an information-theoretic approach (Garamszegi & Mundry, 2014) , whereby each model is weighted according to its fit to the data, as evaluated using Akaike's information criterion. Model-averaged parameter estimates for PGLS regression models [calculated as in Garamszegi & Mundry (2014) ] are reported with their 95% confidence intervals (CIs). Standardized regression coefficients are reported to allow comparisons of the magnitude of the effect among predictors with different measurement units. All analyses were made with R 3.0.2 (R Core Team, 2013).
Results
In the set of 80 species included in the analyses, 62 have advanced spring migration in the past decades, whereas the remaining 18 showed delayed spring migration. The mean change in MSP across all species was À0.12 (0.20 SD) days/year, corresponding to a mean estimated advancement of ca. one week over the entire study period . These numbers are similar to previously reported estimates obtained from the same and other data sets of change in MSP in Europe (e.g. Rubolini et al., 2007; Saino et al., 2011; Bitterlin & Van Buskirk, 2014) .
Mass-adjusted aspect ratio significantly predicted change in MSP in a PGLS regression model controlling for the concomitant effects of migration distance, annual number of broods and body mass (Table 1): species with low mass-adjusted aspect ratio advanced spring migration, whereas species with high aspect ratio did not advance, or even delayed, spring migration (Table 1, Fig. 1a) . The model-averaged parameter estimates and their 95% CIs led to qualitatively identical conclusions ( Table 1 ), suggesting that phylogenetic uncertainty did not affect our findings. The size of the effect of mass-adjusted aspect ratio on change in MSP was only little affected by excluding migration distance (that strongly covaried with change in MSP, see below and Møller et al., 2008) from the multiple regression model [standardized estimate for mass-adjusted aspect ratio: 0.49 (0.13 SE), t 76 = 3.75, P < 0.001] or by excluding all confounding variables altogether 0.45 (0.10 SE), t 78 = 4.31, P < 0.001]. These results imply that the significant association between change in MSP and mass-adjusted aspect ratio was not affected by collinearity among predictors. The results were similar if migration distance was coded as a dichotomous variable reflecting migration to Africa or not (details not shown). In all the above PGLS regression models, the estimated k value was not significantly different from zero, suggesting that similarity due to common phylogenetic descent had negligible effects on parameter estimates.
Finally, we confirm previous evidence (V ag asi et al., 2016) that mass-adjusted aspect ratio strongly and positively predicts migration distance [PGLS regression: k = 0.91, estimate: 2.93 (0.73 SE), t 78 = 4.03, P < 0.001; standardized estimate: 0.45 (0.11 SE); model-averaged estimate: 2.93 (95% CIs: 1.51; 4.33)] (Fig. 1b) .
Discussion
Many organisms have responded to recent climate change by advancing the timing of their emergence and reproduction (Parmesan & Yohe, 2003; Root et al., 2003; Møller et al., 2010; Thackeray et al., 2010) . Whereas some species have managed to track environmental change, others have failed to do so, and they have hence become increasingly mistimed in their phenology, with negative consequences for reproductive success and population trends (Both et al., 2006; These results suggest that a large mass-adjusted aspect ratio may currently constrain the advancement of timing of spring migration in response to climate change.
The mechanisms enforcing such constraints are open to speculation. We propose that selection for energetically efficient migration, as reflected by high wing aspect ratio (V ag asi et al., 2016), may have resulted in canalization of migratory behaviour, as previously suggested for long-distance compared to short-distance migrants (Pulido & Widmer, 2005) . This may imply that the migratory behaviour of species with high aspect ratio is less sensitive to environmental stimuli, such as those deriving from changing climatic conditions. These species may hence show reduced plasticity in phenological responses when confronted with current rapid climate change. On the contrary, species with low aspect ratio may be more flexible and be better able to tune their migratory flights to environmental stimuli. For instance, they may perform shorter migratory flights and more frequent stopovers en route to their goal areas, which may allow them to progressively adjust their migratory behaviour to weather conditions on their way to the breeding areas. Ultimately, a progressive adjustment of migratory phenology during migration may make low aspect ratio species more efficient at tracking changing climatic conditions by means of phenotypically plastic adjustment of migratory behaviour.
Alternatively, assuming that the advance in timing of spring migration reflects a microevolutionary response to climate warming (e.g. Pulido & Berthold, 2010) , the extent of the response may depend on genetic/phenotypic variation at traits relevant for migratory performance, and high aspect ratio species (that have experienced past selection for efficient migration) may now show reduced evolutionary potential. A test of this hypothesis may stem from the analysis of the association between aspect ratio and phenotypic variance in timing of spring migration or other migration-related traits.
Whereas smaller aspect ratios predicted a greater advance in timing of spring migration, larger aspect ratio was strongly associated with longer migration distance. This finding further indicates that high massadjusted aspect ratio reliably reflects past selection for migration efficiency (V ag asi et al., 2016) . Moreover, it is consistent with the hypothesis that the morphology of the locomotory apparatus affects the ability to move and the costs of transportation, and it corroborates the idea that migratory behaviour is a major driver of avian ecomorphological variation (Norberg, 1995; V ag asi et al., 2016) , contrary to earlier suggestions (e.g. Leisler & Winkler, 2003) . Hence, the observation that long-distance migrants have responded less to climate warming than short-distance migrants (Lehikoinen et al., 2004;  Aspect ratio (mass-adjusted) Fig. 1 (a) Mass-adjusted aspect ratio (see Materials and Methods) positively predicts change in mean spring passage (MSP) date among European migratory bird species (n = 80); the regression line is derived from the multiple phylogenetically corrected generalized least-squares (PGLS) regression of change in MSP on mass-adjusted aspect ratio shown in Table 1 (with predictors other than aspect ratio kept at their mean value); the horizontal broken line denotes a change in MSP of 0 days/year (i.e. absence of a temporal trend in MSP); dots below this line denote species that have advanced timing of spring migration, whereas those above the line represent species that have delayed timing of spring migration. (b) Mass-adjusted aspect ratio positively predicts migration distance [degrees latitude, log 10 (x + 1)-transformed]; the regression line is derived from a simple PGLS regression of migration distance on mass-adjusted aspect ratio (see Results). Histograms along axes show the variability of both the independent and the dependent variables. et al., 2007, 2010) may be linked to differences in flight morphology and in particular aspect ratio rather than migration distance per se, as previously argued. However, migration distance still significantly predicted phenological advances while controlling for aspect ratio, confirming that both traits independently affect the ability of bird species to phenologically track rapid climate warming. Indeed, the size of the effect of migration distance and aspect ratio on change in MSP was similar (standardized regression coefficients were 0.37 and 0.32, respectively). Hence, both flight morphology and migration distance appear to act additively as components of a 'migration syndrome' (Dingle, 2006; V ag asi et al., 2016) that constrains rapid and effective responses to changing climate.
Several studies have demonstrated that bird species showing the weakest phenological response to climate warming are declining (Møller et al., 2008; Saino et al., 2011; Newson et al., 2016; Panuccio et al., 2016) . Our findings indicate that those declining species share a particular shape of the flight apparatus, with relatively high aspect ratio. Indeed, species with high mass-adjusted aspect ratio were declining at a significantly faster pace in recent decades (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) than those with lower mass-adjusted aspect ratio [PGLS regression; standardized estimate of the regression of population trend during 1990-2000 on mass-adjusted aspect ratio: À0.44 (0.01 SE), t 76 = 4.25, P < 0.001; population trend information taken from Møller et al., 2008] . Hence, we might expect strong selective pressures on aspect ratio, which may eventually lead to microevolutionary changes in this wing trait in response to changing climatic conditions. For example, species that currently show low aspect ratio may be selected for higher aspect ratio to meet the requirements of faster/earlier migration, whereas those that currently show high aspect ratio may be impeded in further modifying their aspect ratio because of lower evolutionary potential. However, if advancing timing of migration depends on shortening of migration distance (by, for example, wintering closer to the breeding areas; Visser et al., 2009; Ambrosini et al., 2011) , selective pressures towards higher aspect ratios may be relaxed, weakening selection for higher aspect ratio wings.
To date, studies investigating temporal variation in avian morphological traits have focused on body mass and wing length. The general frame of these studies is that increasing temperature is expected to result in smaller-sized bodies, according to Bergmann's rule (Millien et al., 2006; Teplitsky & Millien, 2014) . Although some data sets indeed show trends in the predicted direction (e.g. temporal decreases in body mass, Yom-Tov, 2001; Yom-Tov et al., 2006; van Gils et al., 2016) , patterns of temporal variation in morphology are often highly variable (Salewski et al., 2010 (Salewski et al., , 2014 Teplitsky & Millien, 2014) . For example, temporal change in wing morphology (wing length and wing pointedness) of birds based on museum specimens collected during the last 120 years suggests an heterogeneous and complex response to climate variation Desrochers, 2010; Salewski et al., 2010 Salewski et al., , 2014 . Such changes may only partly reflect responses to climate change, because other factors such as dispersal or changes in land use may also play a role (Desrochers, 2010; Salewski et al., 2010 Salewski et al., , 2014 Husby et al., 2011; Goodman et al., 2012) . However, to our knowledge, temporal variation in wing aspect ratio has never been investigated and might be a promising avenue for future research addressing the impact of climate change.
Furthermore, we propose that future studies of individual-based data on timing of migration, response to climate variation and wing morphology, in particular wing aspect ratio and wing shape variation, may help resolve the relative role of phenotypic plasticity and genetic change in shaping phenological responses to climate change, especially in species showing a relatively high wing aspect ratio.
In conclusion, we have shown that a higher mass-adjusted aspect ratio is associated with a smaller phenological response to climate warming in a large, phylogenetically diverse set of European migratory birds, and have confirmed that aspect ratio is a strong predictor of migration distance. Collectively, our findings provide additional support for the idea that a tight evolutionary link exists between migratory behaviour and ecomorphological traits across avian taxa.
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